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Introduction
Global warming and energy crisis are among the main problems that challenge a future viable and sustainable human society. In this context, photocatalytic and photoelectrochemical 3 devices are promising solutions because of their potential to produce H 2 from H 2 O by harvesting solar energy [1] [2] [3] . In fact, solar hydrogen would be an excellent alternative fuel since it would be clean, cheap and renewable [4] .
Among the different photoactive materials, recently carbon nitride (CN) has attracted much interest for its impressive properties. It stands out due to its thermal and chemical stability, its two-dimensional structure, easy fabrication and semiconductor character, being at the same time a low-cost nontoxic material [5] [6] [7] [8] . It is of particular interest that CN features a band gap of about 2.7 eV, with suitable band positions for both water reduction and oxidation [9] . It was first used as a visible light photocatalyst for hydrogen generation by Wang et al. [10] . Since then, a number of publications have appeared demonstrating the interest of this material in photocatalysis [11] [12] [13] [14] [15] [16] [17] . However, a low photocatalytic activity has been measured in all cases due to a restricted light absorption and particularly, due to fast charge recombination. The latter has been related with a low surface area, limited charge mobility and the presence of a high density of grain boundary defects [17] [18] [19] . However, seeking new strategies to diminish charge recombination or increase light absorption has been a worldwide continuing endeavor and today a number of general approaches have demonstrated to effectively increase the CN limited photoactivity [20] . Namely, doping with metallic or nonmetallic elements, copolymerizing with other organic compounds (see below), performing surface modification (mainly constructing heterojunctions) and nanostructuring are the main successful approaches to increase light absorption and/or favor charge separation.
Carbon nitride is based on covalent networks of tri-s-triazine (heptazine) or triazine units linked by -N= or -NH-groups generating a two dimensional geometry. Being an organic polymer-like material, it can be easily modified through grafting other organic groups in its structure [12, 20, [22] [23] [24] . Among the different possibilities, thiophene-based-π-conjugated molecules have attracted great interest as these motifs can act as strong electron donors and 4 also as chromophoric centers to harvest photons. On this basis, Wang and coworkers [25] [26] [27] [28] have investigated a variety of co-monomers as building blocks to red-shift the optical absorption and promote exciton splitting and charge separation. Among the different comonomers, 3-aminothiophene-2-carbonitrile has been explored and it has been demonstrated to be particularly promising [25] [26] [27] [28] . Its introduction into the CN matrix modulates the electronic structure [25] , apparently narrowing the band gap and tuning the LUMO and HOMO positions. This provokes an enhancement in the photocatalytic activity for not only water reduction [25, 26, 28] , but also for the photooxidation of alcohols [27] .
Experimentally, this copolymerization takes place simply by heating at 550 o C the co-monomer with the CN precursor (such as urea, dicyandiamide, etc.). The fact that the co-monomer is introduced in extremely small amounts (about 0.1 %) allows us to consider such a copolymerization as a form of molecular doping. In this regard, doping CN with sulfur has also been studied [29] [30] [31] [32] . This element has been introduced using a sulfur atmosphere and also, using organic precursors containing sulfur. Upon doping, an apparent reduction of the band gap is observed as in the case of thiophene-doping. It is expected that sulfur substitutes nitrogen atoms in the CN lattice, changing its electronic structure [33] .
In this work, we have prepared carbon nitride via one-pot condensation of urea and sulfurdoped carbon nitride (ATCN) using 2-aminothiophene-3-carbonitrile as a co-monomer. Such a feasible and economic approach leads to chemically improved carbon nitride sheets, as expected. In this contribution, we have tried to shed some light on the main causes that enhance carbon nitride photochemical properties. For such a purpose, we have combined photoelectrochemical and spectroelectrochemical measurements. Our results evince the importance of the disorder degree of the heptazine units in the final behavior, including the possibility of reversibly tuning the luminescence of ATCN samples. The latter fact points to the 5 presence of new electronic states in ATCN that can act as electron traps. These results disclose new challenges and opportunities for the future development of CN-based materials.
Experimental
Nanoporous carbon nitride electrodes were prepared on commercial fluorine-doped tin oxide ). On the other hand, doped carbon nitride powder (ATCN) was obtained by stirring 10 g of urea and 10 mg of 2-aminothiophene-3-carbonitrile (purity 99.99%+, Aldrich Chem. Co.) in 10mL of ultrapure water for 12 hours. Subsequently, the suspension was heated to 80 °C until complete solvent evaporation and treated thermally as described above for the undoped carbon nitride.
Suspensions of the corresponding powders were prepared (5 mg/mL in dimethyl formaldehyde) and spin-coated on FTO using a two-step program: 900 rpm for 9 s and 2000 rpm for 60 s. Afterward, the samples were annealed at 150 °C in air for 10 minutes. The deposition procedure was repeated twice to obtain the desired film thickness (1.8 μm as measured with a mechanical profilometer KLA-Tencor Alpha Step D-100). Finally, the electrodes were post-annealed at 150 °C in air for 40 minutes to partially sinter the particles among them and with the substrate.
A Bruker D8-Advance X-ray diffractometer operating with Cu-Kα radiation at 40 kV and 40 mA was used to obtain the X-ray diffraction patterns. The composition of the electrodes was analyzed by X-ray photoelectron spectroscopy (XPS) using a Kα Thermoscientific spectrometer.
The nanoparticle morphology was studied by means of a JEOL JEM-1400 transmission electron 6 microscope (TEM), while the electrode surface morphology was observed with a JEOL JSM-840 scanning electron microscope (SEM).
Photoelectrochemical measurements were performed at room temperature using a three- UV-Visible diffuse reflectance spectra were measured with a UV-2401 PC Shimadzu spectrometer using an integrating sphere. Photoluminescence (PL) spectra were recorded using a Fluoromax-4 fluorometer. In-situ luminescence spectroelectrochemical measurements were performed by using an electrochemical cell fitted to a conventional fused silica cuvette.
As in the case of the photoelectrochemical measurements, all the potentials were measured against an Ag/AgCl/KCl(sat) reference electrode and a Pt wire was used as a counter electrode.
A computer-controlled Autolab PGSTAT30 potentiostat was also used for these experiments.
Results
To verify the structure of the as-prepared powders they were analyzed by XRD. The diffractograms of both CN and ATCN are very similar, as displayed in Figure 1 . The XRD patterns show two characteristic peaks at about 13 o and 27.5 o associated with graphitic stacked CN layers [1, 34] . The peak at 13 o can be indexed as the (100) plane corresponding to the in-plane structural packing motif of tri-s-triazine units, while the intense peak at 27. is the most intense and it can be mainly assigned to sp 2 hybridized nitrogen atoms bonded to carbon atoms forming C-N=C units [12, [35] [36] . This peak could also contain some contribution 8 of tertiary-nitrogen atoms [34, 36] . The peak at 401.0 eV can be related to the presence of some amino functional groups carrying hydrogen (C) 2 -N-H present in structural defects [12, 34, 36] , but also to tertiary-nitrogen atoms [35] . The peak at 404.9 eV has been ascribed to π excitations [37] . On the other hand, in the high resolution spectra of C 1s, two main contributions at 285.3 and 288.5 eV can be observed. The first can be assigned to sp 3 C-C bonds, coming mainly from carbon-containing contamination, while the latter has been ascribed to carbon atoms coordinated with nitrogen atoms in N-C=N units [12, 35, 37] . These results indicate the successful generation of a carbon nitride structure based on covalent networks of heptazine units independently of the presence of 2-aminothiophene-3-carbonitrile in the synthesis. Interestingly, in the case of ATCN the presence of sulfur heteroatoms in the final structure coming from thiophene units is also detected in the XPS spectrum. The peak intensity is very low, as expected considering the amount of 2-aminothiophene-3-carbonitrile employed. A sulfur content of 0.04 at % in the final carbon nitride structure can be calculated. The signal from S 2p can be deconvoluted into two contributions centered at 164.6 eV and 165.7 eV. The contribution at 164.6 eV has been ascribed to sulfur atoms substituting nitrogen atoms and forming C-S bonds [31] . The weakest contribution at 165.7 eV has been related to sulfur atoms replacing carbon atoms and generating N-S bonds in the carbon nitride structure [14] . On the basis of these results, we can confirm the incorporation of thiophene units in the CN structure as has been previously proposed for ATCN prepared using 2-aminothiophene-3-carbonitrile and dicyandiamide as precursors (See Fig. S1 ) [25] .
Although the sulfur content is extremely low, it has a profound effect on the light absorption spectra of the samples. The color changes from pale yellow (for CN powder) to light brown upon doping in agreement with previous results and theoretical calculations for both thiophene-doped [25] [26] [27] [28] but also sulfur-doped carbon nitride [33, 38] . Figure 4 shows the diffuse UV-visible reflectance spectra in Kubelka-Munk units. As observed, the light absorption is larger for ATCN than for CN in the full spectrum range. In addition, the absorption edge is red shifted in the case of ATCN from about 460 nm (2.7 eV) to 600 nm (2.1 eV) due to the appearance of a feature at around 500 nm. Based on density functional theory (DFT)
calculations of single layers of carbon nitride [39] , Jorge et al. analyzed the UV-vis diffuse reflectance and the photoluminescence spectra of CN prepared at different temperatures [19] .
These authors observed that, as the synthesis temperature increases, the CN absorption edge shifts to longer wavelengths and an additional feature emerges near 500 nm so that the samples become yellow-brown similarly to the case of thiophene/sulfur-doping. These authors assigned the intense band in the UV region to π−π* transitions. The feature that appears near 500 nm with increasing reaction temperature was interpreted as due to n−π* transitions, involving lone pair electrons of the N atoms at the edge of the heptazine units. Moreover, the authors assumed that such n−π* transitions are forbidden for perfectly symmetric and planar heptazine units and they become allowed when the heptazine units developed some distortions [39] . This assignment was confirmed by Yu et al. [40] , who also considered the possible influence of CN-interlayer electron coupling. Analogously, in the case of ATCN, it is expected that the presence of thiophene groups and/or sulfur atoms in the final structure can induce the distortion of conjugated heptazine units and therefore, the existence of an absorption band at around 500 nm. Such an improved light absorption of the modified samples has been related to their improved photocatalytic behavior [26] .
Remarkably, CN has been previously employed to carry out both photoinduced oxidation and reduction reactions [5, 8, 23, 41] . To rationalize such a particular behavior, photoelectrochemical measurements were performed in different media for CN and ATCN. Depending on the applied potential a cathodic or an anodic photocurrent appears. A similar behavior has been reported for polyheptazine electrodes using an acetonitrile-based electrolyte [42] . No alteration of the photoelectrochemical response was detected during the experiments, which suggests the absence of fast degradation processes. The cathodic photocurrents and dark currents are assigned to oxygen reduction. The observed ambivalent behavior can be understood on the basis of the nanostructured character of the electrodes combined with an unlikely separation of the photogenerated electron-hole pairs. Under such conditions, the charge collection is dominated by the kinetics of the different carrier transfer and transport processes, being the driving force for charge transport modulated by controlling the substrate potential. Thus, the transport of either electrons or holes can be favored in nanoporous electrodes, changing the photocurrent sign. In fact, even in the case of classical n-type electrodes such as TiO 2 electrodes, they can behave as photocathodes depending on the electrolyte composition and applied potential [43] . Interestingly, the photoelectrochemical behavior is similar for CN and ATCN electrodes although the current in the dark is significantly larger for ATCN, which
indicates that this material is a better electrocatalyst for oxygen reduction than undoped CN.
In addition, a saturation of the dark cathodic current is apparent in the case of the ATCN electrode. This is probably linked to the facts that the doping level is low and that the thiophene moieties may act as catalytic centers for oxygen reduction.
In the absence of oxygen ( Figure 5B ), the cathodic photocurrents for both CN and ATCN electrodes are significantly smaller than in its presence and start at more negative potentials.
This is due to the fact that oxygen is a better electron acceptor than water/protons, thus recombination is favored in its absence. Interestingly, ATCN electrodes develop photocurrents significantly larger than CN, that is, they are more photoactive for hydrogen generation. This improvement in the photoelectrochemical behavior could be related with different factors.
The introduction of thiophene units in the CN structure could: (a) increase the number of electron-hole pairs generated (as a larger portion of the UV-Visible spectrum can be harvested), (b) improve the photogenerated charge separation, (c) modify the charge transport (due to doping and/or structural changes in the heptazine units arrangement (see below)), (d) vary the electrocatalytic properties of the surface (modifying the electron transfer rate). It is worth noting the fact that, in the presence of oxygen, the photocurrent is only slightly larger for ATCN samples, while in its absence it is significantly larger. This is a good indication that the main factor making CN photocathode less effective than ATCN is not related with charge transport. If this were the case, transport would equally limit the photoelectrochemical behavior of CN in the presence of oxygen. In any case, the photocurrents are very low. In fact, even when sophisticated procedures are employed for improving the photoelectrochemical response of CN electrodes, only modest photocurrents are achieved [44, 45] .
We have studied the photocurrent onset potential for CN and ATCN electrodes in different electrolytes (Fig. S2) . Such a potential, measured in the presence of a good electron scavenger, is of key importance as it gives an estimate of the flat band potential which should be close to the valence band edge location in the case of ideal p-type electrodes. However, CN and ATCN electrodes are far from being ideal, as evidenced by their ambivalent behavior. This lack of ideality is also illustrated by reports showing positive-slope Mott-Schottky plots, indicative of an n-type character, even when cathodic photocurrents are detected [46] . Thus, the onset potential can be considered only as a pseudo flat band potential. In any case, it is a critical parameter for evaluating the suitability of a photoelectrode for water splitting tandem devices.
This potential cannot be theoretically calculated as it depends not only on the material itself, but also on the charge state of its surface. In aqueous media in the absence of strong adsorbed species, the pH and the material isoelectric point (IEP) determine whether the semiconductor surface is positively or negatively charged. This is particularly the case of oxide semiconductors such as TiO 2 , where the surface metal atoms act as Lewis acid sites adsorbing hydroxide anions, while the surface bridging oxygen atoms attract protons, acting as Lewis base sites. In these cases, as the pH increases, the band edges at the semiconductor surface shift upward (in the energy scale), that is, downward in the electrode potential scale. The expected shift at 298 K is of ∼ 0.059 V/pH unit. In the case of carbon nitride, water adsorption has been theoretically studied [46] [47] [48] . However, to the best of our knowledge, no thorough study of the IEP for CN materials and the possible influence of the presence of different functional groups or dopants has been published. The shift of the conduction and valence band edges with pH also remains an open question. Figure 6A shows the values of the photocurrent onset potential as a function of pH for CN and ATCN electrodes immersed in electrolytes of different pH in the presence of oxygen. The onset potential becomes more negative as the pH increases and exhibits a linear behavior between pH 1 and 8. In this range, a Nernstian behavior is roughly observed with a slope close to 59 mV per pH unit. This behavior agrees with the fact that carbon nitride can be reversibly protonated in contact with mineral acids, thus modifying its solubility/dispersability and surface area [50] .
However, for values of pH higher than 8, the onset potential remains almost constant. This presumably means that all the functional groups present in carbon nitride are fully deprotonated already at pH 8. No meaningful differences in the onset potential have been detected for CN and ATCN in the presence of oxygen. This can be due to the fact that the presence of thiophene/sulfur moieties does not significantly alter the surface charge state and that the pseudo-flat band potential are virtually the same for both materials. Obviously, the surface charge state could be altered due to the presence of new functional groups in ATCN, which could hidden the expected shift of the pseudo-flat band potential upon doping.
In the absence of oxygen, recombination is favored and the onset of the photocurrent shifts toward more negative values as can be observed in Figure 6B . In this regard, the ATCN samples exhibit values for the onset potential slightly more positive than CN, which is indicative of a more efficient electron-hole pair separation in the doped samples, in agreement with the larger observed photocurrent.
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In order to obtain additional information about the recombination processes of the photogenerated charge carriers, PL measurements were carried out. Generally speaking, the faster the separation of the electron-hole pairs, the higher the photoactivity and the lower the PL. Figure 7 shows the steady-state PL spectra corresponding to CN and ATCN electrodes, excited with 380 nm light. The emission spectra correspond well with the absorption spectra.
An intense band with a maximum at around 440 nm is observed for CN. The spectrum clearly differs from that of ATCN: this PL peak is red-shifted to 460 nm and an additional broad band appears centered at 510 nm for ATCN.
Most authors have related the carbon nitride PL to that observed for hydrogenated carbons with different levels of nitrogen content [50, 51] . Accordingly, the origin of the PL activity at around 400 nm is supposed to be the recombination of electron-hole pairs in atomic domains with sp 2 hybridization, involving π*-π transitions. The fact that the peak shifts from 440 nm to 460 nm for the ATCN sample indicates a stronger orbital overlap, probably because the π conjugated system is enhanced due to the presence of thiophene/sulfur moieties. On the other hand, the feature at 510 nm has also been observed for CN samples treated at high temperatures [19, 52, 53] and for samples treated with hydrogen [54, 55] . In these cases, this peak has been related with the emission associated with π*-n transitions, which, as mentioned above, is allowed for distorted samples (for instance, buckled CN layers), heptazine units without planar symmetry, or triazine units without a trigonal symmetry. Hence, this result points to a larger defect concentration in ATCN. Furthermore, the emission is larger for ATCN than for CN, indicating a larger radiative recombination for ATCN, which is in apparent contrast with its higher photoelectrochemical activity.
To obtain further information about recombination/trapping of photogenerated charge carriers, PL measurements were carried out in situ in the course of electrochemical
experiments. An ATCN electrode in N 2 -purged 0.1 M Na 2 SO 4 (pH ̴ 6) was excited with 380 nm 14 light, while the potential was stepped, and both the current and the emitted light were measured simultaneously. As observed, in Figure 8 the intensity of the emitted light at 525 nm can be modulated by switching the applied potential. Light emission increases in the potential range where cathodic photocurrents are developed ( Figure 8A ) while it diminishes at positive potentials ( Figure 8B ). As revealed by repeating the potentiostatic steps, this phenomenon is fully reversible. In contrast, emission at 450 nm for CN electrodes is barely affected by applied potential. Note that the currents shown in Figure 8 , are due to dark processes occurring after switching the potential. The magnitude of the photocurrent due to the incident light coming from the fluorometer should be extremely small due to its low intensity.
Several works have been published about cathodic electroluminescence using carbon nitride electrodes [56, 57] . In these cases, the luminescence was detected in the presence of oxygen or other electron acceptor species and it was related to the ability of CN to inject hot electrons and generate radicals in aqueous media. In our case, this possibility can be discarded because:
(a) the PL intensity remains constant for an undoped CN electrode (see Figure 8C and 8D) and (b) the PL intensity can be also modulated at potentials where no cathodic currents are detected ( Figure 8B ). Therefore, we can clearly ascribe the PL to the photophysics of the charge carriers. Accordingly, this result implies that the π*-n transitions, which are allowed for ATCN electrodes, are enhanced as the applied potential becomes more negative. Similar experiments performed with ATCN electrodes but recording the PL at 450 nm also showed an increase in the PL signal at negative potentials (Fig. S3) , although the enhancement was slightly smaller. The additional promotion of π*-n transitions in the potential range where the photocurrent is enhanced, allows us to propose that the degree of distortion of the heptazine units increases in this potential range, being such a change in the organization reversible.
Discussion
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ATCN was prepared using the same procedure as for CN but introducing a small amount of 2-aminothiophene-3-carbonitrile in the precursor mixture. This has allowed us to prepare samples with basically the same morphology at a microscopic level and characterized by a layered structure. The photoelectrochemical characterization has shown that both materials are photoactive for hydrogen evolution. At sufficiently negative potentials, cathodic photocurrents are generated, being larger for ATCN electrodes. Although these currents are still too modest for practical applications, the low cost of the active materials combined with their environmentally friendly character and the possibility of harvesting visible light make these electrodes still attractive. Such a low photoactivity can be linked to a fast electron-hole recombination due to a restricted charge carrier mobility and to a high exciton binding energy [17, 18, 19, 58] .
Doping CN with thiophene motifs induces important changes in the material electronic structure as evinced by both absorption and emission spectra. These spectra are red-shifted for ATCN and, in addition, they show a new feature at longer wavelengths in agreement with previous experimental results [25] [26] [27] [28] . Reported DFT calculations also reveal important modifications in the electronic structure upon grafting a thiophene group in a heptazine trimer [25] : the π electrons are relocalized and thus the HOMO (i.e. the valence band edge) and the LUMO (i.e. the conduction band edge) levels are affected. In pristine CN, the HOMO level is homogeneously distributed throughout the CN plane, while in the case of the doped sample it is mainly located in the heptazine containing the thiophene unit. In contrast, the LUMO level remains basically unaffected upon the introduction of the thiophene unit and spans uniformly through the CN plane. The rather different spatial location of the HOMO and the LUMO in the ATCN sample is thought to facilitate the separation of photoinduced electron hole pairs. In addition, the DFT calculations also show that there is an important up-shift of the HOMO level and a minor down-shift of the LUMO level, resulting in a smaller band gap and thus in a redshifted spectrum.
On the other hand, the absorption/fluorescence at about 450 nm has been ascribed mainly to π*-π transitions, while the new feature appearing at longer wavelengths in the ATCN has been ascribed to π*-n transitions, which are possible only for distorted carbon nitride structures.
This implies that the presence of thiophene/sulfur in ATCN induces structural defects that can be linked to the presence of additional wrinkles in the nanosheets, to a collapse of the planar symmetry of some heptazine units, or to the loss of the trigonal symmetry of some triazine units.
Coupling PL and electrochemical measurements evinces that applying a negative potential induces an enhancement of the PL mainly in the case of ATCN, particularly at wavelengths corresponding to π*-n transitions. Interestingly, the PL enhancement kinetics seems to be correlated with the developed cathodic currents (Fig. S4) . Such currents appearing upon shifting the potential toward more negative values can be ascribed mainly to charge accumulation, as only capacitive currents are detected in this potential range (Fig. S5 ).
Putting together all the pieces of information and, in contrast to the expected behavior, we can conclude that at negative potentials both photoactivity (i.e. charge separation) and luminescence (i.e. radiative charge recombination) are promoted. We can tentatively explain the observed behavior by considering that, at negative potentials, nanoporous semiconductor electrodes can accumulate electrons by filling electronic states in the band gap. Such accumulation could deactivate possible non-radiative recombination channels competing with emission.
Generally speaking, non-equilibrium electrons recombine with holes in the valence band by undergoing either a band-to-band transition or a transition that involves some acceptor levels or traps. The different processes expected to occur in ATCN electrodes have been summarized in Figure 9 . As detailed previously, depending on the energy of the incident photons, excitation occurs in ATCN π→π* (1) or n→π* (3) followed by a rapid radiative electron hole recombination (through transitions 2 and 4). Our experimental data, point to the existence of electron traps that could capture π* conduction band electrons (5) . This process is expected to be very fast. Subsequently, trapped electrons recombine with n and π valence band holes nonradiatively (6) via a Shockley-Read-Hall like mechanism. This second step is expected to be slower as it involves hole diffusion and also the trapping cross section may be small. When a negative potential is applied, electrons are accumulated in the nanoporous electrode filling these traps. Once the traps are filled, they are saturated and cannot capture further electrons;
thus the non-radiative recombination path becomes deactivated. As a result radiative electronhole recombination is promoted. Trap-filling has been shown to enhance the PL quantum yield in a number of very different semiconducting samples such as quantum dots [60] , TiO 2 nanotubes [61] and perovskite thin films [62] . The fact that, only in the case of ATCN, PL is modulated by applied potential clearly indicates that the electron traps are associated to the presence of thiophene/sulfur moieties.
On the other hand, the accumulation of electrons in a nanoporous ATCN electrode has to be accompanied by the adsorption/insertion of protons to preserve electroneutrality. In fact carbon nitride has been proposed as a material for hydrogen storage and also for lithium ion batteries [59, 60] . This process could provoke changes in the material structure due to expansion. Such a structural change would lead to a more defective and disordered CN framework. This could explain the additional promotion of the n-π* transitions and the slow kinetics of the PL decay upon shifting the potential toward positive values.
Finally and as expected, the photoactivity is larger for ATCN than for CN electrodes [25] [26] [27] [28] .
The larger cathodic photocurrent exhibited by ATCN can be related to the more distorted arrangement of the graphitic planes. Such a matrix distortion allows harvesting a larger portion of the UV-visible spectrum. Hence, as the samples are illuminated with the full spectrum of a Xe(Hg) arc lamp, a larger number of electron-hole pairs can be generated. In addition, some authors have pointed out that these defects would improve charge separation and transfer (catalytic sites) [65] . In fact, a high exciton binding energy leading to a low dissociation probability at room temperature has been reported for carbon nitride [59] . We believe that the as-generated defects in ATCN are vital for charge separation; however the role of the thiophene/sulfur moieties as electron donor dopants should not be disregarded. A higher electron concentration could favor electron transport to the particle surface, where the reaction takes place. The idea of an improved charge separation for ATCN agrees well with both the shift observed for the photocurrent onset potential and the photocurrent values in the absence of an electron scavenger. Finally, considering the extremely small amount of thiophene/sulfur incorporated in the ATCN matrix, it seems that the effect of doping and disorder are not simply additive, but probably synergetic.
Conclusions
We have prepared carbon nitride via condensation of urea and carbon nitride doped with 2-aminothiophene-3-carbonitrile. The fundamental electrochemical characterization of both materials shows that the photocurrent onset potential becomes more negative with the pH for both nitrogen and oxygen purged electrolytes and exhibits an approximately Nernstian behavior between pH 1 and 8. Experimental results also show that both CN and ATCN can develop cathodic photocurrents ascribed to hydrogen evolution, being larger for ATCN.
However, the photocurrents measured are still very low for practical applications.
To gain further insights into the behavior of CN and ATCN, we have tried to relate their photoelectrochemical properties to their structures and optoelectronic properties. In contrast to CN, the π*-n transitions are allowed for ATCN as revealed by the absorption and emission spectra in the visible region. These transitions have been related to a structural distortion of the planar heptazine units, which allows ATCN to harvest more efficiently visible photons.
Combining electrochemical and spectroscopic measurements, we have shown that PL in ATCN can additionally be modulated in a reversible way by modulating the potential. Such a behavior has been related to the presence of electronic traps in ATCN and to the fact that the structure of ATCN depends on applied potential in a reversible way.
The high impact caused by the introduction of thiophene/sulfur moieties in the CN structure
indicates that useful future research may be focused on CN and other photoactive materials with well-controlled structural defects as they may tune the electronic structure and could introduce active sites. transitions depending on the incident wavelength. These carriers can recombine either via band to band transitions emitting a photon (2 and 4) or through unoccupied acceptor states (6) . The latter is expected to be a non-radiative process. However, if such acceptor levels or traps are already filled, trapping (5) cannot occur and thus recombination via (6) cannot procced, leading to an enhancement of the radiative recombination processes (2 and 4).
